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Abs t r ac t  

Seven instrument-rated p i l o t s  w i th  a wide range of backgrounds and 
experience levels flew four  d i f f e r e n t  scenar ios  on a fixed-base s imuia tor .  
The Basel ine scena r io  was t h e  s imples t  of t he  four  and had few mental  and 
phys ica l  t a sks .  A n  A c t i v i t y  s c e n a r i o  had many phys ica l  b u t  few mental  
t a s k s .  The Planning scena r io  had few phys ica l  and many mental  t a s k s .  A 
Combined scena r io  had h igh  mental  - and phys ica l  t a sk  loads.  
each p i l o t ' s  a l t i t u d e  and a i r speed  dev ia t ions  was measured, s u b j e c t i v e  
workload r a t i n g s  were recorded,  and t h e  degree of p i l o t  compliance wi th  
ass igned  memory/planning t a s k s  w a s  noted. 

The magnitude of 

Mental and phys ica l  performance w a s  a s t rong  func t ion  of t h e  manual a c t i v i t y  
level ,  but no t  in f luenced  by the  mental  t a sk  load.  High manual task loads  
r e s u l t e d  i n  a l a r g e  percentage of mental e r r o r s  even under low mental  t a sk  
loads .  
manual t a sk  load  w a s  h igh ,  s u b j e c t i v e  r a t i n g s  showed g r e a t e r  i n d i v i d u a l  
d i f f e r e n c e s  wi th  h igh  mental  t a s k  loads .  A l t i t ude  o r  a i r speed  d e v i a t i o n s  
and sub jec t ive  r a t i n g s  were most c o r r e l a t e d  when the  t o t a l  t a sk  load  was 
v e r y  high. Although a i r speed  d e v i a t i o n s ,  a l t i t u d e  dev ia t ions ,  and 
s u b j e c t i v e  workload r a t i n g s  were similar f o r  both low experience and h igh  
experience p i l o t s ,  a t  very  h igh  t o t a l  t a sk  loads ,  mental performance w a s  
much lower f o r  t he  low experience p i l o t s .  

Although a l l  t h e  p i l o t s  gave similar sub jec t ive  r a t i n g s  when t h e  
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I. INTRODUCTION 

Cockpit design p r a c t i c e s  of t h e  l a s t  15 years share  a common thread:  the  
degree and complexity of automation i s  inc reas ing  and a c c e l e r a t i n g .  Current  
s ta te -of - the-ar t  designs such as the  Boeing 757, 767, and Airbus I n d u s t r i e s  
A310 have r ad ica l ly  changed f l i g h t  deck a c t i v i t i e s .  Future  designs,  such as 
t h e  U.S. A i r  Force 's  proposed Advanced Technology F i g h t e r  and t h e  Navy's 
Advanced Combat A i r c r a f t  w i l l  demand f a r  g r e a t e r  leveis  of automation 
because of t he  requirement t o  opera te  in an extremely h o s t i l e ,  changing 
environment. 

Expert  systems and a r t i f i c i a l  i n t e l l i g e n c e  w i l l  reduce o r  e l imina te  c e r t a i u  
types of p i l o t  workload. However, i n  some ins t ances  they  may simply change 
t h e  type of workload. P i l o t s  are opera t ing  less as manual c o n t r o i l e r s  and 
more as superv isory  c o n t r o l l e r s .  

The increased  t i m e  and e f f o r t  expended i n  monitoring a i r c r a f t  equipment has  
r a i s e d  concerns that  i n  automating a i r c r a f t  we may be r a i s i n g  the  p i l o t ' s  
mental  workload t o  unacceptable  l e v e l s  ( o r  conversely,  lowering it  t o  
undes i rab le  l e v e l s ) .  
workload and i t s  e f f e c t s .  However, measuring mental workload has been a 
d i f f i c u l t  problem t o  so lve .  

Thus, t h e r e  i s  g r e a t  i n t e r e s t  in measuring t h i s  mental 

D i f f e r e n t  r e sea rche r s  and d i f r e r e n t  segments of t h e  engineer ing  and design 
communities have def ined mental  workload d i f f e r e n t l y .  Systems engineers ,  
psychologis t s ,  and phys io log i s t s  all have t h e i r  own models 02 mental 
workload and t h e i r  own methods of measuring it. 

However, over t h e  l as t  decade, t h e r e  has been a growing consensus tha t :  a) 
mental workload is  multidimensional i n  na tu re ;  and b )  because of t h i s  
mul t id imens iona l i ty ,  t he  "bes t"  approach t o  measuring mental workload i s  t o  
combine o b j e c t i v e  performance measures and sub jec t ive  r a t i n g  measures. 

11. OBJECTIVES 

This  r e sea rch  examines s e v e r a l  i s s u e s  r e l a t i n g  t o  mental workload. F i r s t ,  
how does automation a f f e c t  p i l o t  mental workload? Since mental workload i s  
mult idimensional ,  automation may a f f e c t  each dimension d i f f e r e n t l y .  Second, 
how does t h e  l e v e l  of mental workload a f t e c t  phys i ca l  and mental 
performance? Thi rd ,  i s  t h e  magnitude of a p i l o t ' s  mental  workload a 
func t ion  of t h e  t i m e  between rece iv ing  i n s t r u c t i o n s  and execut ing tnem? 

111. SIMULATOR CONFIGURATION 

F igure  1 p i c t u r e s  t h e  l abora to ry  f l 2 g h t  s imula tor  environment f o r  t h i s  
p r o j e c t .  The vo lun tee r  p i l o t  sub jec t s  manipulate c o n t r o l s  and switches on a 
c o n t r o l  box whi le  g e t t i n g  a i r c r a f t  state information from a MEGATEK hikh 
r e s o l u t i o n  cathode r a y  tube  (CRT) d i sp lay  (Figure 2 ) .  The MEGATEK d i sp lays  
f l i g h t  ins t ruments ,  a i r c r a f t  and equipment conf igu ra t ion ,  and a forward 
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per spec t ive  view. 
and keyboard f o r  c o n t r o l l i n g  t h e  sys tem.  

The i n v e s t i g a t o r  .has h i s  own video d i s p l a y  terminal (VDT) 

A drawing of t h e  Cont ro l  Box i s  shown i n  Figure 3.  
t h e  f l i g h t  in format ion  d isp layed  on t he  MEGATEK and manipuiates  t h e  c o u t r o i s  
and swi tches  on t h e  Cont ro l  Box t o  make t h e  " a i r c r a f t "  respond i n  a d e s i r e d  
fash ion .  The Computer's 
s imula t ion  program t a k e s  t h e  p re sen t  a i r c r a f t  s ta te  informat ion ,  Cont ro l  Box 
i n p u t s ,  and t h e  i n v e s t i g a t o r ' s  Keyboard commands t o  determine a i r c r a f t  
dynamics and a new a i r c r a f t  state. The information is  used t o  update  t h e  
MEGA.TEK and VDT d i s p l a y s .  

The s u b j e c t  i n t e r p r e t s  

Con t ro l  Box s i g n a l s  are  fed t o  a PDP/11 Computer. 

A g r e a t  deal of experimental  t r i a l  arid e r r o r  went i u t o  naking t h e  
s i m u l a t o r ' s  response  as  c l o s e  as poss ib l e  t o  t h e  response of  an a c t u a l  
a i r c r a f t .  A number of p i l o t s  came t o  t h e  l a b ,  f lew t h e  s imula to r ,  aud 
evalua ted  i t s  handl ing  q u a l i t i e s .  Eventual ly ,  t h e  s imula t ion  f i d e l i t y  w a s  
brought t o  a high l e v e l ,  i nc lud ing  r e a l i s t i c  s t a l l  and landing  
c h a r a c t e r i s t i c s .  

The Computer s t o r e s  a11 Con t ro l  Box switch o r  c o n t r o l  mauipuiat ions and 
s t o r e s  a i r c r a f t  s ta te  d a t a  every 10.0 seconds. This  d a t a  can be  d isp layed  
on the i n v e s t i g a t o r ' s  VDT o r  p r i n t e d  out  on a Line  Printer.  

I V .  SUBJECTS 

I n i t i a l l y ,  approximately 30 p i l o t s  volunteered t o  p a r t i c i p a t e .  Although we 
had hoped t o  use  a t  least a dozen p i l o t s  of v a r i e d  background, t h e  l i s t  of 
30 was e v e n t u a l l y  reduced t o  7 .  
c h a r a c t e r i s t i c s  of  h i g h  performance a i r c r a f t  and t h e  s i m u l a t o r ' s  ADI/HSl 
d i s p l a y ,  and t h e  i n a b i l i t y  t o  devote t h e  time needed f o r  q u a l i f y i n g  on the 
s imula to r  and f l y i n g  t h e  d a t a  runs e l imina ted  most of t h e  p i l o t s .  

Unfami l ia r i ty  wi th  t h e  f l i g h t  

A l l  seven s u b j e c t s  were good p i l o t s ,  and t h e r e  was a good mix of 
exper ience .  
f l i g h t  t i m e .  Two p i l o t s  were C e r t i f i e d  F l i g h t  I n s t r u c t o r s  wi th  ins t rument  
r a t i n g s .  
t o  3000 t o t a l  hours and had between 50 and 250 hours  of ins t rument  t i m e .  

Three s u b j e c t s  were A i r  Force p i l o t s  w i t h  2400 t o  3200 hours  of 

The f o u r  c i v i l i a n  p i l o t s  ranged i n  exper ience  from 300 t o t a l  hours  

V. EXPERIMENTAL DESIGN 

Four d i f f e r e n t  s cena r ios  were flown using one basic r o u t e ,  i l l u s t r a t e d  i n  
Figure  4 .  The f o u r  s c e n a r i o s  were l abe led  Baseline, A c t i v i t y ,  Planning,  and 
Combined. The Base l ine  s c e n a r i o  was t h e  easiest. It simulated a "normal" 
f l i g h t  and t h e  p i l o t s  were encouraged t o  use t h e  a u t o p i l o t  t o  keep workload 
a t  a minimum. There were no d i r e c t e d  dev ia t ions  from the b a s i c  cuurse ,  arid 
a i r speed  and a l t i t u d e  changes were rare. Also, t h e r e  were very  f e w  ass igned  
memory o r  planning t a s k s .  
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A d a t a  s e s s i o n  cons i s t ed  of a Base l ine  ruu followed by one of t he  o t h e r  
s cena r ios .  The Basel ine scena r io  w a s  used as a warm-up da ta  run and as a 
c a l i b r a t i o n  run. Each second run's data w a s  compareu t o  t h a t  s e s s i o n ' s  
Ease l ine  run. Basel ine performance and  r a t i n g s  f o r  d i f f e r e n t  s e s s ions  could 
then be compared t o  a d j u s t  t h e  d a t a  f o r  v a r i a t i o n s  aue t o  day-to-day 
d i f f e r e n c e s  such as f a t i g u e ,  stress, emotional s t a t e ,  e t  c e t e r a .  

The A c t i v i t y  scena r io  w a s  loaded wi th  a l a r g e  number of manual-control 
t a s k s ,  but  l i k e  the  Basel ine s c e n a r i o ,  had a l i g h t  planning t a sk  load.  The 
p i l o t s  f lew t h i s  s cena r io  without  us ing  t h e  a u t o p i l o t .  

The Planning scena r io  w a s  very d i f f e r e n t  from t h e  Ac t iv i ty  scena r io .  It w a s  
a lmost  i d e n t i c a l  i n  manual a c t i v i t y  t o  t h e  Basel ine scenar io ,  (and t h u s ,  had 
a low a c t i v i t y  l e v e l )  but  i n s t ead  of being d i r e c t e d  t o  perform a c t i o n s  
immediately,  t h e  p i l o t s  were d i r e c t e d  t o  perform these  a c t i o n s  a t  a c e r t a i n  
time i n  t h e  f u t u r e .  These i n s t r u c t i o n s  o f t e n  involved overlapping t i m e  
pe r iods ,  and t h e  r eques t s  were not  ordered chronologica l ly .  For example, 
p r i o r  t o  2:OO minutes t h e  p i l o t  might be t o l d  t o  descend 1000 f e e t  a t  5:0U 
minutes ,  then  t o l d  t o  t u r n  t o  300 degrees  heading a t  W:30 minutes,  then  t o  
slow t o  190 knots  a t  8:OO minutes. Therefore ,  t h e  p i l o t s  had t o  "p lan  
ahead". 

The Combined scena r io  w a s  designed t o  be t h e  most d i f f i c u l t  of a i l .  It 
combined t h e  manual a c t i v i t y  of t h e  A c t i v i t y  scena r io  with t h e  planning 
requirements  of t h e  Planning scena r io .  This  w a s  an e f f o r t  t o  s a t u r a t e  t h e  
p i l o t s .  The p i l o t s  were allowed t o  use the a u t o p i l o t  f o r  he lp ,  but  t h e  pace 
of t h i s  s c e n a r i o  usua l ly  l imi t ed  i t s  use.  

F igure  5 l i s t s  the  order  i n  which each p i l o t  f lew each of t h e  non-Baseline 
s c e n a r i o s .  D i f f e r e n t  p i l o t s  f lew t h e  va r ious  scena r ios  i n  d ikkerent  
o rde r s .  However, they a l l  began each s e s s i o n ' s  da t a  runs wi th  a Base l ine  
run. The o t h e r  t h r e e  scena r ios  were no t  t r u l y  order  randomized, bu t  they  
were mixed. No p i l o t  f l e w  t h e  Combined s c e n a r i o  i n  t h e  f i r s t  s e s s ion .  It 
w a s  so unusual ly  d i f f i c u l t ,  it was f e l t  t h a t  t h i s  s cena r io  might c r e a t e  au  
impossible  workload f o r  any p i l o t  f l y i n g  i t  f i rs t .  

A Navigat ion Chart  (F igure  4 )  and a no te  pad were provided €or  each p i l o t ' s  
use.  A l s o ,  s p e c i a l  p lacards  were d isp layed  beneath the  instrument d i s p l a y  
t o  g ive  conf igu ra t ion /a i r speed  d a t a  aud h e l p  t h e  p i l o t s  wi th  the  va r ious  
l a te ra l  and l o n g i t u d i n a l  a u t o p i l o t  modes. 

Ground t r a c k s ,  a l t i t u d e  p r o f i l e s ,  and airspeed p r o f i l e s  proviued i n  
F igures  6 through 9 ,  c l e a r l y  i l l u s t r a t e  some of t he  d i f f e rences  ana 
similarities of t h e  va r ious  scena r ios .  Those t h r e e  i tems were nea r ly  
i d e n t i c a l  f o r  t h e  Basel ine and Planning s c e n a r i o s ,  and f o r  t h e  A c t i v i t y  and 
Combined s c e n a r i o s .  F igure  b shows t h e  ground t r a c k  f o r  the  Basel ine aud 
Planning s c e n a r i o s  whi le  Figure 7 shows t h e  ground t r ack  f o r  t h e  A c t i v i t y  
and Combined scena r ios .  Note t h e  l a r g e  number of  headirig changes f o r  t h e  
Activity/Combined scena r ios .  
s u b j e c t s  w e r e  given new headings,  a l t i t u d e s ,  and a i r speeds  each 2 minutes 
f o r  t h e  f i r s t  5 minutes,  each minute f o r  t h e  nex t  10  minutes,  and each 30 

In t h e  A c t i v i t y  and Combined scena r ios  t h e  
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seconds f o r  t h e  f i n a l  10 minutes. A t  s e v e r a l  po in t s ,  p i l o t s  were given 
i n s t r u c t i o n s  t o  con tac t  ARTCC r a t h e r  than  perform some task .  Figure 8 is  an 
a i r s p e e d  versus  t i m e  p l o t  f o r  t he  va r ious  scenar ios .  There a r e  31 a i r speed  
changes f o r  t h e  A c t i v i t y  and Combined scena r ios  and 3 f o r  the  Basel ine and 
Planning scena r ios .  F i n a l l y ,  F igure  9 shows a l t i t u d e  versus  t i m e .  The 
A c t i v i t y  and Combined scena r ios  have 2 1  d i r e c t e d  a l t i t u d e  changes t o  5 f o r  
t h e  Basel ine and Planning scena r ios .  

Each mental o r  phys i ca l  t a sk  w a s  eva lua ted  and assigned a number of 
"workload units". The t o t a l  number of workload u n i t s  (WU's) and t h e  
workload u n i t  ra te  were used t o  compare t h e  fou r  scenar ios .  An ex tens ive  
explana t ion  of t h e  method used t o  c a l c u l a t e  these  workload u n i t s  can be 
found i n  Berg and Sheridan,  1984. 

Each scena r io  had a number of planning t a s k s .  
ca t egor i zed  as e i t h e r  Short-term, Medium-term, o r  Long-term. We a r b i t r a r i l y  
de f ined  a short-term planning t a s k  as l a s t i n g  from 0 t o  4 minutes,  a 
medium-term t a s k  l a s t i n g  from 4 t o  1 2  minutes,  and a long-term t a sk  l a s t i n g  
over  1 2  minutes.  The average short- term t a sk  was 2.6 minutes long, the 
average medium t a sk  w a s  7 .2  minutes,  and t h e  average long-term task  was 16.6 
minutes.  

These pianning t a sks  were 

Figure  10 summarizes t h e  information f o r  a l l  four  scenar ios .  Note t h a t  t h e  
Planning and Combined scena r ios  have about  5 t i m e s  as many planning WU's as 
t h e  Base l ine  and A c t i v i t y  scena r ios .  Also,  t h e  A c t i v i t y  ana Combined 
s c e n a r i o s  have roughly 5 times as many a c t i v i t y  W U ' s  as the  Basel ine and 
Planning scena r ios .  F i n a l l y ,  t he  Planning and Conbined scenar ios  have 
almost  8 t i m e s  as many planning t a s k s  as t h e  Basel ine and Ac t iv i ty  scena r ios .  

In r ecogn i t ion  of Miller's (1956) f i n d i n g s  about human l i m i t s  on immediate 
memory, t h e  number of simultaneous planning t a s k s  never exceeded 9.  
Although t h e  Planning and Combined scena r ios  had what seemed t o  the  s u b j e c t s  
t o  be a n  i n t e n s e  leve l  of simultaneous planning t a s k s ,  t h e  mean number of 
s imultaneous planning t a s k s  w a s  only 5 . 0 ,  wi th  a s tandard dev ia t ion  of 1.b. 

Figures  11 and 1 2  po r t r ay  some of  t h i s  workload d a t a  g raph ica l ly .  F igure  ll 
i s  a p l o t  o f  t h e  accumulated number of a c t i v i t y  W U ' s  as a func t ion  of t i m e .  
Figure 1 2  i s  a p l o t  of  t h e  accumulated number of planning WU's  as a f u n c t i o n  
of t i m e .  Note no t  only the  d i f f e r e n c e  between d i s s i m i l a r  s cena r ios ,  but 
a l s o  t h e  s imilar  workload rates f o r  s cena r ios  wi th  similar types of workload. 

VI. T W N I N G  AND INSPRUCTIOhS 

I n  a d d i t i o n  t o  the  i n i t i a l  sc reening  s e s s i o n s ,  each p i l o t  p a r t i c i p a t e d  in 4 
t o  10 hours  of a d d i t i o n a l  t r a i n i n g .  Three of t h e  four  p i l o t s  had fluwn the 
s imula tor  be fo re ,  but  had never used t h e  a u t o p i l o t .  
hours  of a d d i t i o n a l  p r a c t i c e .  

They requi red  about  4 

This  a u t o p i l o t  i s  d i f f e r e n t  from most commercial equipment. Longi tudinai  
and L a t e r a l  modes must be engaged s e p a r a t e l y ,  adding one a d d i t i o n a l  s t e p  in 
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s e l e c t i n g  some a u t o p i l o t  func t ions .  

Before a s e s s i o n ' s  d a t a  rum, p i l o t s  "warmed up" by f l y i n g  instrument  
approaches, t u r n s  t o  headings,  e tc . ,  f o r  20 t o  30 minutes. Af t e r  t h i s  w a r n  
up per iod,  t he  p i l o t s  were handed an I n s t r u c t i o n  Shee t ,  the Subjec t ive  
Ratings/Comments Sheet shown i n  Figure 13, and a shee t  which explained t h e  
scale t o  be used i n  making the  sub jec t ive  r a t i n g s .  

I n  the  i n s t r u c t i o n s ,  p i l o t s  were t o l d  t o  f l y  "as w e l l  as you can" and fo l low 
a l l  d i r e c t i o n s  " t o  t h e  bes t  of your a b i l i t y " .  They he re  a i s 0  t o l d  t h a t  they 
would be scored on t h e i r  a b i l i t y  t o  "follow i n s t r u c t i o n s  and comply wi th  
reques ts" .  Thus, they had no idea which parameter(s)  would be measured. 
Any o r  a l l  might be scored.  

A s  explained i n  t h e  i n s t r u c t i o n s ,  t he  s imula t ion  w a s  "frozen" f o r  s u b j e c t i v e  
r a t i n g s  a t  5:00, 16:00, and 27:OO minutes e lapsed  t i m e .  The des i r ed  method 
f o r  scor ing  s u b j e c t i v e  r a t i n g s  w a s  explained,  and the  s u b j e c t s  warned t h a t  
only one minute would be allowed f o r  making the  r a t i n g s  dur ing  each break. 
Prel iminary experiments had shown t h a t  t he  p i l o t s  only r equ i r ed  about 20 t o  
30 seconds t o  make these  r a t i n g s .  

A f t e r  each run ,  t h e  p i l o t s  were debr ie fed  and asked t o  put  auy comments o r  
explana t ions  on t h e  rear of t he  Rat ing Sheet .  

V I 1  . DATA 

Every 1 0  seconds,  t h e  computer recorded t h e  a i r c r a f t ' s  a i r speed  and x,  y ,  
and z p o s i t i o n .  This  d a t a  y ie lded  a ground t r ack ,  and by comparing p o s i t i o n  
and elapsed t i m e ,  d e s i r e d  a l t i t u d e s  and a i r speeds  were determined. This  
information w a s  then  compared wi th  the  a c t u a l  a i r speeds  and a l t i t u d e s  t o  
de r ive  a l t i t u d e  and a i r speed  e r r o r .  A l t i t u d e  e r r o r s  were no t  computed 
during d i r e c t e d  climbs and descents  and a i r speed  e r r o r s  were no t  computed 
during d i r e c t e d  a i r speed  changes. P i l o t s  were expected t o  climb o r  descend 
a t  a minimum of 1000 f e e t  per  minute and a c c e i e r a t e  o r  d e c e i e r a t e  t o  t h e  
des i r ed  a i r speed  w i t h i n  30 seconds o r  a t  a rate of a t  l e a s t  50 knots  pe r  
minute f o r  a i r s p e e d  changes g r e a t e r  than 25  knots .  These rates of change 
are cons i s t ed  wi th  recommended p i l o t i n g  techniques.  

Ground t r a c k s  were p l o t t e d  f o r  r e fe rence ,  bu t  dev ia t ions  from t h e  nominal 
ground t r ack  were not  scored.  

A l t i t u d e  dev ia t ions  seemed t o  be the  "best"  o b j e c t i v e  measure t o  use.  
However, w i th  only one o b j e c t i v e  measure, i t  was  poss ib l e  t h a t  p i l o t s  might 
g ive  h igher  p r i o r i t y  t o  one aspect of a i r c r a f t  c o n t r o l  than  another .  Thus, 
a i r speed  dev ia t ions  were scored t o  serve  as a check. 
scored wi th  mean a b s o l u t e  and RMS dev ia t ions .  

Both v a r i a b l e s  were 

Five exper imenta l ly  proven sub jec t ive  r a t i n g s  were used i n  o rde r  t o  examine 
t h e  mult i -dimensional i ty  of the  mental workload. These r a t i n g s  were 
ACTIVITY LEVEL, COMPLEXITY, DIFFICULTY, STRESS, and WORKLOAD. Rat ings were 
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made a t  t h r e e  p o i n t s  dur ing  each run. Subjects  were no t  askea t o  make an 
o v e r a l l  r a t i n g  because o v e r a l l  r a t i n g s  made during previous experiments were 
n e a r l y  i d e n t i c a l  t o  t h e  a r i t h m e t i c  mean of t h e  segment r a t i n g s  ana w e  
be l ieved  t h e  same would be t r u e  here .  

The d i s t a n c e  from t h e  l e f t  edge of each s c a l e  t o  each p i l o t  r a t i n g  w a s  
measured, d iv ided  by t h e  t o t a l  s c a l e  l eng th ,  and mul t ip l i ed  by ten.  Th i s  
gave s u b j e c t i v e  r a t i n g s  wi th  a poss ib l e  range of 0 t o  LO. 

An i n t e g r a l  a s p e c t  of t h i s  set of experiments w a s  an  i n v e s t i g a t i o n  i n t o  no t  
only the  degree of mental workload, but  a l s o  t h e  e f f e c t  t h i s  e fko r r  had OIL 

observable  p i l o t  behavior .  Thus, i n  a d d i t i o n  t o  t h e  a i r c r a f t  c o n t r o l  
measures and s u b j e c t i v e  r a t i n g s  j u s t  d i scussed ,  o t h e r  a s p e c t s  of p i l o t  
behavior  were a l s o  measured. 

During each run ,  no te s  were made on t h e  p i l o t ' s  compliance i n  ca r ry ing  out  
ass igned planning o r  memory t a sks .  All  p i l o t s  were ass igned  s p e c i f i c  
e lapsed  t i m e s  ( c l e a r l y  d isp layed  ou t h e  instrument  panel)  a t  which t o  
perform t h e s e  t a s k s .  Each p i l o t  was given + 15 seconds from the  designated 
t i m e  i n  which t o  begin t h e  t a sk .  I f  a task-was begun o u t s i d e  these  l i m i t s ,  
it w a s  noted. When a t a sk  w a s  performed improperly,  f o r  example climbing t o  
a wrong a l t i t u d e  o r  a c c e l e r a t i n g  10 knots  i n s t e a d  of climbing lOU0 f e e t ,  
t h i s  was a l s o  noted.  A t h i r d  type of mental  e r r o r  w a s  f o r g e t t i n g  o r  missing 
an i t e m  e n t i r e l y .  

A f i n a l  source of information w a s  post-run debr i e f ings .  The p i i o t s  had nany 
i n t e r e s t i n g  and u s e f u l  i n s i g h t s  i n t o  mental workload, stress, and t h e i r  
a f f e c t  on performance. 

VIlI. RESULTS 

Learning e f f e c t s  
The Objec t ive  and Subjec t ive  d a t a  w a s  examined f o r  " l e a r n i n g  e f f e c t s " .  
Using Student  t-test and F-test  techniques,  w e  found no s i g n i f i c a n t  l ea rn ing  
e f f e c t  f o r  a l t i t u d e  o r  a i r speed  dev ia t ions  f o r  any of t h e  f o u r  s cena r ios .  

Each s e s s i o n ' s  Base l ine  run a c t e d  as a "warm up" run and served  as a 
day-to-day me t r i c  f o r  t h e  Sub jec t ive  r a t i n g s .  For each Sub jec t ive  r a t i n g ,  
t h e  Base l ine  run r a t i n g s  were averaged ac ross  all seven p i l o t s  and a l l  t h r e e  
runs f o r  each p i l o t .  This  y i e lded  an o v e r a l l  mean b a s e l i n e  r a t i n g .  Yhis 
mean r a t i n g  w a s  added t o  the  d i f f e r e n c e  of a s e s s i o n ' s  Basel ine r a t i n g  and 
second run ( A c t i v i t y ,  Planning,  o r  Combined) r a t i n g .  This  gave an 
"adjusted" second run r a t i n g .  The i n t e n t  was t o  compensate f o r  day-to-day 
d i f f e r e n c e s  i n  emotional s t a t e ,  s t r e s s ,  f a t i g u e ,  e t  c e t e r a .  

Using t h e s e  a d  ju s  t ed  s u b j e c t i v e  r a t i n g s ,  t h e r e  w a s  no " learn ing  e f f e c t "  f o r  
any of t h e  r a t i n g s  f o r  t h e  A c t i v i t y  s cena r io .  For t h e  Planning scena r io ,  
only the  WORKLOAD r a t i n g s  showed a l ea rn ing  e f f e c t  (80 percent  confidence 
l e v e l )  e 
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So, the  ex tens ive  t r a i n i n g ,  t h e  modified counterbalancing of s cena r ios  and 
s u b j e c t s ,  and "adjus t ing"  t h e  s u b j e c t i v e  r a t i n g s  a p p e a r s  t o  have minimized 
l e a r n i n g  e f f e c t  f o r  t h e  A c t i v i t y  and Planning scenar ios .  

However, t h e r e  w a s  some evidence of l ea rn ing  e f f e c t  f o r  t h e  Combined 
scena r io .  Three s u b j e c t i v e  r a t i n g s  were lower f o r  t h e  t h i r d  se s s ions  than  
the  second ses s ions .  The e f f e c t  was a t  a n  80 percent  confidence l eve l  f o r  
COMPLEXITY r a t i n g s .  Since post-run debr i e f ings  showed t h a t  C;Ol+.PLaXYLY 
r a t i n g s  were c l o s e l y  t i e d  t o  t h e  p i l o t s '  ease with the  a u t o p i l o t ,  t h i s  may 
be due t o  greater f a m i l i a r i t y  wi th  the  device.  Learning e i tec t  w a s  a t  a 
much s t ronge r  95 percent  confidence l eve l  f o r  t h e  DIFFICULTY and WORKLOAD 
r a t i n g s .  None of t h e  p r a c t i c e  rounds were nea r ly  as i n t e n s e  as the Combined 
scena r io .  Furthermore,  t h e  Combined scena r io  w a s  a combination of t h e  
A c t i v i t y  and Planning scena r ios .  Thus, s u b j e c t s  who had seen both t h e  
A c t i v i t y  and Planning s c e n a r i o s  before  f l y i n g  t h e  Combined scenar io  had an 
advantage over those  who f lew t h e  Combined scenar io  a f te r  f l y i n g  only one 02 
t he  o t h e r s .  

F i n a l l y ,  an a n a l y s i s  of va r i ance  showed no s t a t i s t i c a l l y  s igni f icaxl t  
d i f f e r e n c e  f o r  planning t a s k  performance f o r  any scenar io .  

Objec t ive  a c t i v i t y  performance r e s u l t s  
A l t i t u d e  and Airspeed e r r o r  da t a  w a s  synthes ized  from the  computer's 
ou tput .  A l t i t u d e  e r r o r  d a t a  i s  summarized i n  F igure  14 .  ho te  the s tandard  
d e v i a t i o n  da ta  i n  Figure 14.  
nea r  t h e  mean. However, t h e r e  w a s  u sua l ly  some p i l o t  whose devia t ions  took 
an  extreme, i s o l a t e d  jump, i n f l a t i n g  t h e  s tandard  dev ia t ion  f o r  t he  group. 

The bulk of p i l o t  dev ia t ions  tended t o  l i e  

I n  gene ra l ,  j u s t  as t h e  WU ra te  increased  from Segment I t o  Segment IiI, s o  
d i d  a l t i t u d e  d e v i a t i o n s  (see Figure  15). Segment-to-segment mean abso lu te  
e r r o r  d i f f e rences  were s i g n i f i c a n t  a t  a 90 percent  confidence l e v e l  f o r  the 
Combined scena r io  95 percent  f o r  t he  Basel ine and Ac t iv i ty  scena r ios ,  and 
99 percent  f o r  t h e  Planning scena r io .  
performance i n  t h e  Combined scena r io  w a s  respons ib le  f o r  i t s  lower 
confidence l e v e l  e 

The l a r g e r  spread of i nd iv idua l  

A s  F igu re  15 shows, t h e r e  w a s  a cons iderable  d i f f e rence  (99 percent  
confidence l e v e l )  between t h e  manually con t ro l l ed  Combined and A c t i v i t y  
scena r ios  and t h e  a u t o p i l o t  con t ro l l ed  Planning and Basel ine scenar ios .  The 
average dev ia t ion  was 3.1 times g r e a t e r  (120.2 feet  ve r sus  39.0 f e e t )  under 
manual c o n t r o l ,  and t h e  rms dev ia t ion  was 3 . 6  times g r e a t e r  (172.5 fee t  
ve r sus  47.3 feeE).  However, i t  should be noted t h a t  t h e  manually c o n t r o l l e d  
Combined and A c t i v i t y  scena r ios  a l s o  had much more d i f f i c u l t  a l t i t u d e  
p r o f i l e s  t han  t h e  a u t o p i l o t  con t ro l l ed  scenar ios .  (See Figure 9) 

I n t e r e s t i n g l y ,  t h e  magnitude of mental t a sk ing  had no s i g n i f i c a n t  impact on 
t h e  magnitude of t h e  a l t i t u d e  dev ia t ions .  The Basel ine scena r io ' s  a l t i t u d e  
d e v i a t i o n s  were s t a t i s t i c a l l y  similar t o  those of t h e  Planning scenar io ,  t h e  
l a t t e r  d i f f e r i n g  from the  former s o l e l y  in having a l a r g e  number of mental  
planning t a s k s .  S i m i l a r l y ,  t he  mental ly  easy A c t i v i t y  ana mentally 
demanding Combined s c e n a r i o s  were s t a t i s t i c a l l y  i d e n t i c a l .  
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Airspeed e r r o r  data w a s  a l s o  synthes ized  from t h e  computer's ou tput  and i s  
summarized i n  Figure 16. Like t h e  a l t i t u d e  dev ia t ion  d a t a ,  some of t h e  
l a r g e  s tandard  d e v i a t i o n s  i n  F igure  1 6  are  due t o  some p i l o t ' s  momentary 
l apse .  Most of t h e  d e v i a t i o n  d a t a  w a s  f a i r l y  cons i s t en t  i n  magnitude. 

Segment-to-segment d i f f e r e n c e s  were s i g n i f i c a n t  f o r  a l l  fou r  s cena r ios  (See 
Figure 1 7 ) .  For mean abso lu te  a i r speed  e r r o r s ,  t he  segments d i f f e r e d  a t  a 
90 percent  confidence l e v e l  f o r  t h e  A c t i v i t y  scena r io  and a 99 percent  l e v e l  
f o r  t h e  Base l ine ,  Planning,  and Combined scena r ios .  RMS a i r speed  e r r o r s  
d i f f e r e d  a t  a 95 percent  confidence l e v e l  f o r  t h e  Basel ine and A c t i v i t y  
scena r ios  and a 99 percent  confidence l e v e l  f o r  t h e  Planning and Combined 
scena r ios .  

Like t h e  a l t i t u d e  d e v i a t i o n  d a t a ,  t he  magnitude of a i r s p e e d  e r r o r s  w a s  a 
s t rong  func t ion  of t he  mode of a i r c r a f t  c o n t r o l .  As shown i n  F igure  1 7 ,  
when a i r speed  was under manual c o n t r o l ,  dev ia t ions  were much g r e a t e r  than 
when a i r speed  w a s  under a u t o p i l o t  con t ro l .  The d i f f e r e n c e  was s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  a 99 percent  confidence l e v e l  f o r  mean abso lu te  e r r o r  and a 
98 percent  l e v e l  f o r  rms e r r o r s .  Again, p a r t  of t h i s  result may be due t o  
t h e  much more d i f f i c u l t  a i r speed  p r o f i l e  f o r  t h e  manually c o n t r o i l e d  
scena r ios  (See F igure  8).  This  a i r speed  d e v i a t i o n  d a t a  a l s o  showed l i t t l e  
mental  t a s k i n g  e f f e c t .  There w a s  no s i g n i f i c a n t  d i f f e r e n c e  between 
scena r ios  which had similar manual a c t i v i t y  l e v e l s  but d i f f e r e n t  planning 
workloads. 

Both a l t i t u d e  and a i r speed  dev ia t ions  were similar f o r  a l l  t h e  p i l o t s .  I n  
gene ra l ,  t h e  low exper ience  p i l o t s  had s l i g h t l y  higher  d e v i a t i o n s  than t h e  
most experienced p i l o t s .  However, t h e r e  w a s  enough scat ter  i n  t h e  aata t o  
keep the  d i f f e r e n c e s  s t a t i s t i c a l l y  i n s i g n i f i c a n t .  

This  o b j e c t i v e  d a t a  showed only a h i n t  of performance degrada t ion  due t o  
p i l o t  workload s a t u r a t i o n .  During t h e  A c t i v i t y  scena r io  runs ,  only two 
p i l o t s  out of seven had average mean a l t i t u d e  dev ia t ions  g r e a t e r  than  150 
f e e t  i n  Segment 111, and two o t h e r  p i l o t s  had average mean a i r speed  
dev ia t ions  g r e a t e r  than  15 knots  i n  Segment 111. For t h e  Conbined scena r io ,  
t h e  number of  s a t u r a t e d  p i l o t s  r o s e  t o  t h r e e  f o r  t he  a l t i t u d e  dev ia t ions  and 
remained a t  2 f o r  t h e  a i r speed  dev ia t ions .  

Within each s c e n a r i o ,  t h e r e  was no s i g n i f i c a n t  c o r r e l a t i o n  between a i r s p e e d  
and a l t i t u d e  d e v i a t i o n s  because d i f f e r e n t  i nd iv idua l s  traded-off a i r speed  
and a l t i t u d e  c o n t r o l  during a l l  f o u r  s cena r ios .  However, o v e r a l l  s cena r io  
a i r speed  and a l t i t u d e  c o n t r o l  were c o r r e l a t e d .  The baseline and Planning 
scena r ios  had low dev ia t ions  f o r  each s c o r e  and t h e  A c t i v i t y  and Combined 
scena r ios  had h igh  d e v i a t i o n s  f o r  both scores .  

Sub jec t ive  r a t i n g s  results 
The Sub jec t ive  Rat ing  d a t a  w a s  u s e f u l  because i t  i l l u s t r a t e d  t h e  impression 
t h e s e  s c e n a r i o s  were making f n  t h e  minds of  t h e  p i l o t s .  Thus, a l though only 
an  i n d i r e c t  measure,  one would expect  t hese  r a t i n g s  t o  provide a b e t t e r  
i n d i c a t i o n  of mental  workload than  o b j e c t i v e  performance d a t a .  
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Figure 18 g ives  t h e  s u b j e c t i v e  r a t i n g  da ta  averaged over a l l  t h e  p i l o t s  f o r  
each segment, s c e n a r i o ,  and category.  Note t h a t  t he  s tandard  d e v i a t i o n  da ta  
i s  very c o n s i s t e n t  from r a t i n g  t o  r a t i n g  and scenar io  t o  scena r io .  
Ind iv idua l  r a t i n g s  d id  not  e x h i b i t  t h e  wide v a r i a t i o n s  p re sen t  i n  the 
a l t i t u d e  and a i r speed  d e v i a t i o n  d a t a .  

I n  gene ra l ,  s u b j e c t i v e  r a t i n g s  f o r  t h e  f i v e  ca t egor i e s  were similar f o r  the  
Ac t iv i ty  and Planning s c e n a r i o s ,  but  s t a t i s t i c a l l y  d i f f e r e n t  f o r  those  two 
scenar ios  and t h e  Combined scenar io .  The Combined scena r io  r a t i n g s  were 
s t a t i s t i c a l l y  d i f f e r e n t  from t h e  A c t i v i t y  and Planning s c e n a r i o s  a t  a 90 
percent  confidence l e v e l  f o r  t he  WOKkLOAD and DlFE'ICUL'I'Y r a t i n g s ,  a 98 
percent  confidence level  f o r  t h e  ACTIVITY LEVEL r a t i n g s ,  and a 99 pe rcen t  
confidence l e v e l  f o r  t h e  COMPLEXITY and STRESS r a t i n g s .  The averaged 
r a t i n g s  f o r  each scena r io ,  segment, and sub jec t ive  category are p l o t t e d  i n  
Figures  1 9 ,  20, 21 ,  2 2 ,  and 23. 

The Planning scena r io  w a s  e s s e n t i a l l y  a Basel ine scenar io  w i t h  an  auded 
men.tal t a sk  load component. The A c t i v i t y  scena r io  w a s  a Base l ine  s c e n a r i o  
complicated by a g r e a t  d e a l  of manual c o n t r o l  work. The Combined scena r io  
was a combinatioa of t h e  A c t i v i t y  and Planning scenar ios .  Therefore ,  t h e  
cons t ruc t ion  of t h e  s c e n a r i o s  and t h e  r e s u l t s  p l o t t e d  i n  F igures  1 Y  t o  23 
l e d  u s  t o  i n v e s t i g a t e  whether t h i s  cons t ruc t  was r e f l e c t e d  i n  t h e  s u b j e c t i v e  
r a t i n g s  e 

For a l l  f i v e  r a t i n g s ,  w e  found the  incrementai  d i f f e r e n c e  between the 
Basel ine scena r io  and each of t h e  o the r  t h r e e  scenar ios .  We then  examined 
how t h e  sum of t h e s e  increments  f o r  t he  A c t i v i t y  and Planning scena r ios  
compared wi th  t h e  incrementa l  Combined r a t i n g s .  For example, suppose t h a t  
t h e  Baseline r a t i n g  f o r  DIFFICULTY was 3.0 and the  DIFF1CULLY r a t i n g s  f o r  
t h e  A c t i v i t y ,  Planning, and Combined scena r ios  were 5.0,  5 .3 ,  and 7 .5  
r e spec t ive ly .  The incremental  r a t i n g s  f o r  t he  A c t i v i t y ,  Planning,  a m  
Combined r a t i n g s  would then  be  2.0,  2.3, and 4.5 .  The sum of t h e  A c t i v i t y  
and Planning s c e n a r i o  increments  would be 4 . 3 .  
with  the  iacrements  f o r  all t h e  o t h e r  p i l o t ' s  increments)  w a s  compared wi th  
t h e  Combined s c e n a r i o ' s  increment of 4 . S  (averaged with t h e  o t h e r  p i l o t ' s  
Combined scena r io  increments) .  

This  increment (averaged 

For a l l  f i v e  s u b j e c t i v e  r a t i n g s ,  t h e  sums of t h e  A c t i v i t y  and Planning 
increments were not s t a t i s t i c a l l y  d i f f e r e n t  from the  incrementa l  Combined 
r a t i n g s .  

I n  view of t h e  w e l l  e s t a b l i s h e d  f a c t  t h a t  t h e  magnitude of s u b j e c t i v e  
percept ion  i s  l o g a r i t h m i c a l l y  r e l a t e d  t o  s t imulus  magnitude, t h i s  n e a r l y  
l i n e a r  response w a s  somewhat s u r p r i s i n g .  A t  no poin t  wexe t h e  p i i o t s  ever  
t o l d  t h a t  t h e  Combined s c e n a r i o  contained t h e  sum of manual and mental  t a s k s  
from t h e  A c t i v i t y  and Planning scena r ios .  however, a l though t h i s  r e s u l t  may 
be u s e f u l  when going from low o r  moderate workloads t o  h igh  workloads, t h i s  
l i n e a r i t y  must obviously break down wheri t r y i n g  t o  go from high workloads t o  
even g r e a t e r  workloads. 

How d i f f i c u l t  d i d  t h e  p i l o t s  t h ink  t h e  t h r e e  non-Baseline scena r ios  were? 
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I 
COZlBNED 

dSeiviey Level 5.9 8.3 9.8 8.0 1.1 
Compladty 5.4 6.9 a s  6.9 
Dtfficul t y  5.9 7.8 9.1 7.6 1.7 
S t r e s s  5.5 7.6 8.9 7.3 1.3 
Workload 5.7 7.7 9.6 7.7 1.6 

Figure 18: Average Subject ive Racings fo r  each Segmenr 
I (Adjurcad) 

2 3 A 

Segments O v e r a l l  

F i g u r e  20: Average s u b j e c c i v e  COMPLEXITY r a c i n g s  f o r  che 
a a n e l i n e  (8). A c c i v i t y  ( A ) ,  P l a n n i n g  (P)  , 

and Combined (C) s c e n a r i o s  
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F igu re  19:  Average s u b j e c t i v e  ACTIVITY LEVEL r a t i n g s  f o r  t h e  
B a s e l i n e  (B) , A c t i v i t y  ( A ) ,  P l a n n i n g  (P) , 

and Combined (C) s c e n a r i o 8  
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F fgure  21: Average s u b j e c c i v e  DIFFICULZ r a t i n g s  f o r  r h a  
B a s e l i n e  (a ) ,  A c c i v i t y  ( A ) ,  P l a n n i n g  ( P I ,  

and Combined (C) s c e n a r i o s  
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F i g u r e  22: Average s u b j e c t i v e  STRESS r a t i n g s  f o r  t h e  
B a a e l i n e  (B) , A c t i v i t y  (A),  P l ann ing  (P)  , 

and Combined (C) s c e n a r i o s  

Figure 2 I :  Penrmon Product-Moment Correlation, Coefficient 

f o r  nggragnr. Al t i tudQ DeViaKiOM and 
Subjoct ivs  Rating. 
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F i g u r e  23: Average s u b j e c t i v e  WORKLOAD r a t i n g s  for t h e  
B a s e l i n e  (B),  A c t i v i t y  (A),  P l ann ing  (PI, 

and Combined (C) s c e n a r i o s  

D i  f f icul t y  

S t r e s s  

Workload 

59.8 110.6 

60.3 110.6 

Ai r speed  Error: Mean 

F i g u r e  25: Example of r e l a t e d  performance d e t e r i o r a t i o n  and 
s u b j e c t i v e  s a t u r a t i o n :  Pilot C ;  P l ann ing  S c e n a r i o  
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The only s c e n a r i o  which c o n s i s t e n t l y  "sa tura ted"  p i l o t s  was t h e  Combined 
scena r io .  
r a t i n g  ca tegory  a t  9.0 o r  h ighe r ,  t h e  Ac t iv i ty  scena r io  was least l i k e l y  t o  
s a t u r a t e  p i l o t s .  This  is  i n t e r e s t i n g  because when t h e r e  were s i g n i i i c a n t  
d i f f e r e n c e s  between t h e  A c t i v i t y  and Planning scena r io  r a t i n g s ,  t h e  A c t i v i t y  
s c e n a r i o  r a t i n g  w a s  always s l i g h t l y  higher .  Thus, c e r t a i n  i n d i v i d u a l s  found 
t h e  Planning s c e n a r i o  very d i f f i c u l t ,  whi le  t h e  p i l o t s  as a group, found the  
Planning scena r io  s l i g h t l y  less demanding than t h e  A c t i v i t y  scenar io .  

I f  one de f ines  a " sa tu ra t ed"  p i l o t  as one who sco res  a s u b j e c t i v e  

For t h e  A c t i v i t y  s c e n a r i o ,  t h e r e  w a s  one s a t u r a t e d  r a t i n g  f o r  WOEXLOAD. For 
t h e  Planning s c e n a r i o ,  t h e r e  were two s a t u r a t e d  r a t i n g s  f o r  ACTIVITY LEVEL, 
and one each f o r  DIFFICULTY and WORKLOAD. For t h e  Combined scena r io ,  t he re  
were f i v e  s a t u r a t e d  r a t i n g s  f o r  ACTlVITY LEVEL and WORKLOAD, f ou r  f o r  
DIFFICULTY and STRESS, and two f o r  COMPLEXITY. 

These experiments  v e r i f i e d  t h a t  on a sub jec t ive  l e v e l ,  a d i f f i c u i t ,  pure ly  
mental  t a s k  load can equal  a d i f f i c u l t ,  pure ly  manual t a sk  load .  In 
g e n e r a l ,  a l l  t h e  s u b j e c t i v e  category r a t i n g s  were similar f o r  t h e  Planning 
and A c t i v i t y  scena r ios .  

There w a s  no c o n s i s t e n t  c o r r e l a t i o n  between s u b j e c t i v e  r a t i n g s  and a p i l o t ' s  
experience l e v e l .  This  is n o t  s u r p r i s i n g  s i n c e  t h e r e  is  no u n i v e r s a l  
s u b j e c t i v e  mental  metric. Two persons working equal ly  hard may rate t h e i r  
workloads very  d i f f e r e n t l y ,  They have d i f f e r e n t  u t i l i t i e s ,  and one person 
may use a linear scale while  another  uses a logar i thmic ,  and s t i l l  another ,  
an  exponen t i a l  scale. 

Objec t ive  a c t i v i t y  performance versus  s u b j e c t i v e  r a t i n g s  
We looked f o r  a c o r r e l a t i o n  i n  a l t i t u d e  o r  a i r speed  dev ia t ions  wi th  each 
p i l o t ' s  s u b j e c t i v e  r a t i n g s .  On an ind iv idua l  b a s i s ,  o b j e c t i v e  a c t i v i t y  
performance d a t a  and s u b j e c t i v e  r a t i n g s  were uncorre la ted .  
n o t  unexpected, and had been repor ted  previously.  See,  f o r  example, t he  
s h o r t  d i s c u s s i o n  i n  Kantowitz, Hart, and Bor to lus s i ,  1983. 

This r e s u l t  w a s  

Never the less ,  i n  t h e  aggregate ,  o b j e c t i v e  performance d a t a  - w a s  c o r r e l a t e d  
wi th  s u b j e c t i v e  r a t i n g s .  Using Pearson ' s  Product-Moment C o r r e l a t i o n  
C o e f f i c i e n t ,  "r", r m s  a l t i t u d e  e r r o r s  weakly c o r r e l a t e d  wi th  t h e  
corresponding s u b j e c t i v e  r a t i n g s  f o r  t h e  Ac t iv i ty  s c e n a r i o  (See F igure  24). 
ACTIVITY LEVEL, COMPLEXITY, and DIFFICULTY c o r r e l a t e d  with a n  "r" of U . 8  
( .805; .797; ,807) .  For t h e  STRESS and WORKLOAD r a t i n g s ,  "r" was about 0.9 
(.911; .903). 

Cor re l a t ions  were s l i g h t l y  b e t t e r  f o r  t h e  Planning scena r io .  hean abso lu te  
a l t i t u d e  d e v i a t i o n s  and ACTIVITY LEVEL had an  "r" of .880. COMPLEXITY, 
DIFFICULTY and WORKLOAD had "r's" of .843, .817, and .8tr2. Nean a l t i t u d e  
e r r o r s  d id  no t  c o r r e l a t e  w i t h  STRESS, bu t  r m s  e r r o r s  d id :  .792. The a b i l i t y  
of t h e  rms e r r o r  d a t a  t o  c o r r e l a t e  wi th  STRESS r a t i n g s  b e t t e r  than  the  mean 
d e v i a t i o n  d a t a  d id  might be due t o  the  f a c t  that t h e  r m s  d a t a  weights l a r g e  
e r r o r s  more heav i ly  than  small e r r o r s .  I n t u i t i v e l y ,  beyond a c e r t a i n  po in t ,  
stress should be an  exponent ia l  func t ion  of t he  magnitude of dev ia t ions .  
Thus, l a r g e  dev ia t ions  would b e  b e t t e r  r e f l e c t e d  i n  t h e  rms values  and 
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STRESS r a t i n g s  

There w a s  e x c e l l e n t  c o r r e l a t i o n  between mean abso lu te  e r r o r  data and a i l  
f i v e  r a t i n g s  f o r  t h e  Combined scena r io .  The lowest  "r" was f o r  STRESS, 
( -986 )  wi th  COMPLEXITY having a n  "r" of .9999. Because the  p i l o t s  were 
heav i ly  loaded during t h e  Combined scena r io ,  they may have been ope ra t ing  
near  t h e i r  personal  l i m i t s .  This  may have lessened  d i f f e rences  i n  
p ro f i c i ency  r e s u l t i n g  in t h e  good c o r r e l a t i o n  between o b j e c t i v e  performance 
d a t a  and the  s u b j e c t i v e  r a t i n g s .  

Tulga and Sheridan,  1980, r epor t ed  t h a t  orice a s u b j e c t  passed " s a t u r a t i o n " ,  
performance d e t e r i o r a t e d  sharp ly .  While f l y i n g  t h e  Planning scena r io ,  
P i l o t  C crashed dur ing  Segment 111. Figure  25  l ists  re l evan t  da t a  f o r  
Segments I, 11, and 111 f o r  t h i s  p i l o t .  Although he  repor ted  only low 
STRESS, the  o the r  f o u r  s u b j e c t i v e  f a c t o r s  s h a r p l y  increased  from Segment 11 
t o  Segment 111. Likewise,  no te  t h a t  h i s  mean abso lu te  and r m s  a l t i t u d e  
e r r o r s  increased  by 85 percent  and 83 percen t ,  and the corresponding 
a i r speed  e r r o r s  increased  by 78 percent  and 7 4  percent  from Segment I1 t o  
Segment 111. Although one can argue about which w a s  cause and wnich was 
e f f e c t ,  mental s a t u r a t i o n  accompanied a severe performance degradat ion.  

Planning/memory t a s k  performance 
A s  workload inc reased ,  t h e r e  were a number of ways t h a t  each p i l o t  could 
respond t o  t h e s e  r eques t s  f o r  some a c t i o n  a t  a f u t u r e  t i m e .  They could f a i l  
t o  perform a t a s k ,  choosing no t  t o  do i t  o r  simply f o r g e t t i n g  t o  do it. 
They could a l s o  perform t h e  t a s k  i n c o r r e c t l y ,  do some unrequested t a s k ,  o r  
perform t h e  r equ i r ed  t a sk  a t  some t i m e  o t h e r  than  t h e  d i r e c t e d  t i m e .  
Overall planning t a s k  e r r o r  percentages f o r  each scena r io  are p lo t t ed  i n  
F igu re  26. 

Although the  planning t a s k  load  f o r  t h e  Base l ine  and A c t i v i t y  scenar ios  w a s  
t h e  same, t h e  o v e r a l l  e r r o r  percentage was much h ighe r  f o r  t h e  A c t i v i t y  
scena r io .  S imi l a r ly ,  a l though t h e  Planning and Combined scenar ios  had 
s imilar  planning t a s k  loads ,  t h e  Combined s c e n a r i o  percentage w a s  much 
h ighe r  (and d i f f e r e d  a t  a 99 pe rcen t  confidence l e v e l ) .  
A c t i v i t y  scena r ios  had similar Sub jec t ive  r a t i n g s ,  bu t  t h e i r  mental t a s k  
performance d a t a  w a s  very d i f f e r e n t .  
e f f e c t ,  i nc reas ing  e r r o r s .  

The Elanniug and 

A Righ manual workload had a profound 

The s tandard  dev ia t ions  f o r  t h e  o v e r a l l  e r r o r  percentages va r i ed  w i d e l y  from 
s c e n a r i o  t o  scena r io .  For the  Basel ine and Planning scena r ios  where t h e  
e r r o r  percentages were low,  s tandard  d e v i a t i o n s  were only 8 . b  and 13.4 
percent  r e spec t ive ly .  The d i f f i c u l t  Combined scena r io  had a s tandard  
d e v i a t i o n  of 27.2 pe rcen t ,  i n d i c a t i n g  more V a r i a b i l i t y  among the  p i l o t s .  
The A c t i v i t y  scena r io  showed t h e  g r e a t e s t  v a r i a b i l i t y .  The low number of 
mental  t a s k s  and t h e  h igh  e r r o r  percentages f o r  some p i i o t s  r e s u l t e d  i n  a 
s t anda rd  dev ia t ion  of  51.4. 

F igu re  27 i l l u s t r a t e s  t h e  e r r o r  percentages f o r  each segment aud scena r io .  
The performance f o r  t h e  Planning and Combined scena r ios  w a s  v i r t u a l l y  
i d e n t i c a l  f o r  Segment I. However, f o r  Segments I1 and 111, the  d i f f e r e n c e  
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between t h e  two scenar ios  w a s  s ign i f icaz l t  a t  t h e  93.9 percent  conkidence 
level .  Although ind iv idua l  performance d i f f e r e d  a g r e a t  d e a l ,  the  d a t a  
sugges ts  that a t  low o r  moderate l e v e l s ,  w n u a l  c o n t r o l  workload does not  
affect  mental  performance. S u f f i c i e n t  cogn i t ive  r e se rve  e x i s t s  t o  handle  
a l l  t a s k s .  However, a t  r e l a t i v e l y  high manual c o n t r o l  l e v e l s ,  cogn i t ive  
r e s e r v e s  d isappear  and mental. performance d e t e r i o r a t e s .  F igure  26 sugges t s  
t h a t  t h i s  mental  d e t e r i o r a t i o n  may even be ev ident  f o r  low l e v e l s  of Dental  
t a s k i n g ,  such as i n  t h e  A c t i v i t y  scena r io .  

The va r ious  planning t a s k s  were ca tegor ized  as Long-term, Medium-term, o r  
Short-term based upon t h e  l eng th  of t i m e  t h e  p i l o t  had from rece iv ing  t h e  
t a s k  assignment t o  performing it. When aggregated f o r  each scena r io ,  t h e  
d a t a  y i e l d s  t h e  p l o t  shown i n  Figure 28. Analyzing t h e  e r r o r  percentages 
f o r  each scena r io ,  t h e r e  w a s  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  t h r e e  d i f f e r e n t  t a sk  t i m e  spans.  This  was probably because t h e  p i l o t s  
were allowed t o  take  no te s .  Addi t iona l  e r r o r s  probably a rose  i n  t h e  
Short-term t a s k s  when t h e  p i l o t s  s t rugg led  t o  p l an  and perform these  t a s k s  
i n  a very  busy environment. Thus, they would miss some t a s k s  o r  perform 
them la te .  This  balanced the  e r r o r s  engendered i n  t h e  Long-term t a s k s  by 
t h e  p i l o t s  f o r g e t t i n g  about t a sks .  

An a n a l y s i s  of t h e  da t a  suppor ts  t h i s  hypothes is .  There were no Long-term 
planning e r r o r s  due t o  performing an a c t i o n  a t  t h e  wrong t i m e .  However, 33 
percent  of t h e  Short-term and 53 percent  of t h e  Medium-term e r r o r s  were due 
t o  performing an  a c t i o n  a t  t h e  wrong t i m e .  

Planning t a s k  e r r o r s  f o r  a l l  th ree  t i m e  spans were a f t e c t e d  by 
manual-control a c t i v i t y .  Note i n  Figure 2 8  t h a t  t he  two low manual workload 
s c e n a r i o s  (Base l ine  and Planning)  had low e r r o r  percentages w t i i i e  both h igh  
manual workload scena r ios  ( A c t i v i t y  and Combined) had h igh  e r r o r  
percentages .  The A c t i v i t y  scena r io  had a h igh  e r r o r  percentage even though 
i ts  planning t a s k  load was low. 

Looking only a t  t h e  two scena r ios  (Planning and Combinea) w i t h  a high 
planning t a sk  load ,  the  d i f f e r e n c e s  between t h e  scena r ios  w a s  s t a t i s t i c a l l y  
s i g n i f i c a n t  f o r  all t h ree  time spans.  Di f fe rences  were s i g n i f i c a n t  a t  an  8b 
percen t  confidence l e v e l  f o r  medium-length t a s k s ,  a t  a 95 percent  l e v e l  f o r  
long-term t a s k s ,  and 98 percent  l e v e l  f o r  short- term tasks .  Thus, t h e  l e v e l  
of manual c o n t r o l  w a s  a g a i n  d e c i s i v e  i n  determining mental performance. The 
d a t a  w a s  too  coarse  and ind iv idua l  p i l o t  performance w a s  too v a r i a b l e  t o  
m a k e  s tandard  dev ia t ion  da ta  use fu l .  

Only t h e  Planning and Combined scena r ios  had Short-term planning t a sks .  
Examining Figure  29, d i f f e r e n c e s  between the Planning and Combined s c e n a r i o s  
f o r  Short-term planning t a s k s  were not  s t a t i s t i c a l l y  s i g n i f i c a n t  i n  
Segment I. 
f o r  Segments I1 and 111, when workloads were h igher .  

However, t he  d i f f e r e n c e s  were a t  a 98 percent  confidence l e v e l  

A l l  f ou r  s cena r ios  had Medium-term planning t a s k s .  Looking a t  Figure 30, 
t h e r e  w a s  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  between the  scena r ios  i n  
Segments I o r  11. However, i n  Segment 111, t h e  h ighes t  workload segment, 

6 . 2 1  



, 
/ 

/ 
/ , 

/ 

, 

... 

.. PLL\SIXC 
-, 

-. -. ___.e.- /. 

.............. .. ; . . . . . . . . . . . . .  3,ASELi::Z 
1 2 I 

SEC%i 

Ffgura 30:  Hcdium-cam planniog/meplory task error 
perceoragea by segmanc 

PERCEYIAGE ’” i 

Figure 31: Long-tam p lPnning /mwrg  t a s k  errror 
p8rcmnrrgu by s 8 r n n t  

6 . 2 2  



t h e  Combined s c e n a r i o  e r r o r s  were higher  than  t h e  Planning s c e n a r i o  e r r o r s  
(90 percent  confidence l e v e l ) .  
even g r e a t e r  (a t  a 95 percent  confidence l e v e l ) .  
Combined s c e n a r i o s ,  and t h e  Planning and Basel ine scena r ios  were 
s t a t i s t i c a l l y  similar.  Once aga in ,  a t  high o v e r a i l  workload l e v e l s ,  the  
presence of a h igh  manual t a s k  load made a s i g n i f i c a n t  d i f f e r e n c e .  

The Planning and Ac t iv i ty  d i f f e r e n c e  was 
The A c t i v i t y  and t h e  

F igure  31 i s  a p l o t  of t h e  Long-term planning t a s k  r e s u l t s .  In Segment 11, 
t h e  Planning and Combined scena r ios  were s t a t i s t i c a l l y  indes t ingu i shab le .  
However, a t  t h e  h igher  workload l e v e l  of Segment 111, t h e  e r r o r  percentage 
f o r  t h e  Combined scena r io  was  c l e a r l y  g r e a t e r  (90 percent  confidence level) .  

The A c t i v i t y  and Planning scena r ios  had moderate manual o r  mental workloads, 
r e spec t ive ly .  A t  t h e s e  l e v e l s ,  e r r o r  percentages were similar f o r  a l l  of 
t h e  p i l o t s .  However, some d i f f e rences  a rose  i n  t h e  high workload Combined 
scena r io .  The low exper ience  p i l o t s  averaged 14.0 t a sk  e r r o r s  while  the  
h igh  experience p i l o t s  averaged 7 . 3  t a s k  e r r o r s .  Thus, t h e r e  were s i g n s  of 
experience r e l a t e d  s a t u r a t i o n  i n  t h i s  mental performance d a t a  which w a s  much 
less obvious i n  t h e  o b j e c t i v e  performance d a t a  and s u b j e c t i v e  r a t i n g  da ta .  
This  d i f f e r e n c e  w a s  v e r i f i e d  a t  a 95 percent  confidence l e v e l .  

The number of i n d i v i d u a l  planning e r r o r s  and ind iv idua l  a l t i t u d e  o r  a i r speed  
dev ia t ions  were no t  c o r r e l a t e d .  Nor were planning e r r o r s  and s u b j e c t i v e  
r a t i n g s .  However, i n  t h e  aggrega te ,  a l t i t u d e  and a i r speed  d e v i a t i o n s ,  
s u b j e c t i v e  r a t i n g s ,  and t h e  number of planning e r r o r s  a l l  increased  wi th  
i n c r e a s i n g  t a s k  loads .  

P i l o t  comments 
The planning t a s k  i n s t r u c t i o n s  given t o  t h e  p i l o t s  were seldom i n  
chronologica l  o rde r .  This  w a s  done t o  make t h e  planning f u n c t i o n  more 
d i f f i c u l t .  This  s t r a t e g y  apparent ly  worked, s i n c e  s e v e r a l  s u b j e c t s  
mentioned that i n s t r u c t i o n s  "mixed i n  t i m e "  were d i f f i c u l t  t o  organize.  

Some p i l o t s  considered t h e  a u t o p i l o t  a hindrance while  o t h e r s  found it a 
u s e f u l  a i d .  
a u t o p i l o t  w a s  t h e  only t h i n g  which kept  workload a t  a manageable level.  
But, several p i l o t s  r epor t ed  t h a t  having t o  p lan  how t o  use  the  a u t o p i l o t  
w a s  worse than  t h e  demanding manual c o n t r o l  work. An of t - repor ted  r e s u l t  i s  
once aga in  clear: i f  t h e  i n i t i a l  set-up o r  programming o f  a " p i l o t  a i d "  i s  
d i f f i c u l t  o r  unduly t i m e  consuming, p i l o t s  w i l l  use manual procedures and 
avoid i t s  use.  

Several p i l o t s  s t a t e d  t h a t  when th ings  " r e a l l y  got  busy", t h e  

A number of t h e  p i l o t s  s t a t e d  t h a t  planning and memory items tended t o  ge t  
second p r i o r i t y  t o  immediate t a sk  demands. This  i s  c o n s i s t e n t  wi th  the  
f i n d i n g  t h a t  a h igh  a c t i v i t y  workload s i g n i f i c a n t l y  increased  planning t a sk  
e r r o r s .  P i l o t s  were obeying t h e  prime d i r e c t i v e  taught  every s tuden t  p i l o t :  
" F i r s t ,  f l y  the  aircraft!" These s ta tements  and r e s u l t s  a r e  a l s o  c o n s i s t e n t  
w i t h  Tulga and She r idan ' s  (1980) f i n d i n g  t h a t  s u b j e c t s  don ' t  p lan ahead when 
t h e y ' r e  very  busy. 
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F i n a l l y ,  t he  p i l o t s  mentioned f o u r  items which increased  t h e i r  mental stress 
and workload. One was t h e  "annoyance" f a c t o r  caused by having too many 
th ings  t o  do o r  by being i n t e r r u p t e d  be fo re  completing a t a sk .  This  type of 
problem i s  common on f i n a l  approach when the  need t o  f l y  and/or  monitor 
equipment, c l e a r  f o r  o t h e r  a i rc raf t ,  look f o r  t h e  runway, i n t e r a c t  w i t h  HYC, 
and run a i r c r a f t  c h e c k l i s t s ,  combine t o  make t h e  f l i g h t  deck a busy, 
s t r e s s f u l  environment. 
Again, t h i s  i s  most l i k e l y  t o  occur  when th ings  g e t  very  busy. The stress 
generated by a lengthening  "mental queue", combined wi th  t h e  poss ib l e  need 
t o  modify a former plan,  i n c r e a s e s  t h e  perceived workload. S imi l a r ly ,  
abnormal events  s i g n i f i c a n t l y  inc rease  workload, d i s r u p t  coricentration, and 
inc rease  t h e  f r u s t r a t i o n  level .  These e f f e c t s  have been d iscussed  i n  t h e  
open l i t e r a t u r e .  See, f o r  example, Hart and Bor to lus s i  (19831, Jensen and 
Chappel l  (1983), and Tanaka, Buharali, and Sheridan (1983). The f o u r t h  item 
concerned t h e  e f f e c t  of adding a n  increment of workload when the  workload i s  
a l r eady  high.  A s  t h e  p i l o t  becomes t a sk  s a t u r a t e d ,  a d d i t i o n a l  t a s k s  mus t  be  
p r i o r i t i z e d ,  added t o  a mental queue, o r  ignored. This  i nc reases  stress, 
f r u s t r a t e s  t h e  p i l o t ,  and i n c r e a s e s  h i s  mental manipulat ions.  These f a c t o r s  
r e s u l t  i n  lower performance, i nc reased  mental workload, and lower s a f e t y  
margins. 

A second item w a s  t he  e f f e c t  of " g e t t i n g  behind". 

IX. FINDINGS ANIi CONCLUSIONS 

1. The number of ass igned  mental  t a s k s  had no s t a t i s t i c a l l y  s i g n i f i c a n t  
impact on t h e  degree of a i rcraf t  c o n t r o l .  The l e v e l  of manual workload w a s  
t h e  d e c i s i v e  f a c t o r .  When mental  t a sk ing  w a s  h igh  but  manual task ing  w a s  a t  
a l o w  level ,  a l t i t u d e  and a i r speed  dev ia t ions  were small. When mental 
t a sk ing  w a s  low but  manual t a s k i n g  w a s  h igh ,  a l t i t u d e  and a i r speed  
d e v i a t i o n s  were l a r g e .  The l e v e l  of mental a c t i v i t y  a f i e c t e d  a i r c r a f t  
c o n t r o l  only when mental workload reached " c r i t i c a l "  l e v e l s .  

2. Incremental  s u b j e c t i v e  r a t i n g s  were c a l c u l a t e d  r e l a t i v e  t o  t h e  r a t i n g s  
f o r  a Base l ine  scena r io .  The incrementa l  r a t i n g  f o r  a h igh  manual workload 
s c e n a r i o  added t o  t h e  incrementa l  r a t i n g  f o r  a high mental  workload s c e n a r i o  
w a s  equal  t o  t h e  incrementa l  r a t i n g  f o r  a scena r io  which combined both types  
of workloads. 

3 .  Sub jec t ive  r a t i n g s  given by i n d i v i d u a l  p i l o t s  dur ing  t h e  high manual 
t a sk ing  scena r io  were very  similar. However, t h e r e  were i n d i v i d u a l  
d i f f e r e n c e s  i n  the  s u b j e c t i v e  r a t i n g s  f o r  t he  h igh  mental t a sk ing  scena r io .  
Some p i l o t s  were no t  s t r e s s e d  by t h e  mental  t a s k s  while  o t h e r s  s i g n i f i c a n t l y  
inc reased  t h e i r  s u b j e c t i v e  r a t i n g s .  Subjec t ive  r a t i n g s  were more s e n s i t i v e  
than  a i rcraf t  d e v i a t i o n  measures i n  i n d i c a t i n g  i n d i v i d u a l  mental workloads. 

4 .  A t  l o w  o r  moderate levels  of manual and mental t a s k  loads ,  a i r c r a f t  
d e v i a t i o n s  and memory t a s k  performance d id  no t  c o r r e l a t e  w i th  t h e  s u b j e c t i v e  
r a t i n g s .  A t  h igh workload l e v e l s ,  t he  c o r r e l a t i o n  w a s  very good. I t ' s  
poss ib l e  t h a t  a t  lower t a sk  loads ,  t h e r e  is  r e se rve  mental  capac i ty  which 
varies from p i l o t  t o  p i l o t ,  a f f e c t i n g  performance and r a t i n g s .  A t  h igh 
workload levels ,  a l l  p i l o t s  may be tapping most o r  a l l  of t h e i r  mental 
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capac i ty ,  r e s u l t i n g  i n  much g r e a t e r  .consis tency between performance and t h e  
s u b j e c t i v e  r a t i n g s .  

5 .  
a b i l i t y  of t h e  p i l o t s  t o  handle mental  t a sks .  A mental ly  d i f f i c u l t ,  
manually easy s c e n a r i o  r e s u l t e d  i n  a low percentage of mental e r r o r s .  A 
mental ly  easy ,  manually d i f f i c u l t  s cena r io  r e s u l t e d  i n  a h i g h  percentage of 
mental e r r o r s .  The manual a c t i v i t y  w a s  presumably consuming a g r e a t  d e a l  of 
t h e  p i l o t s '  mental processing capac i ty ,  even when they were no t  aware of  
i t .  This f i n d i n g  w a s  equa l ly  v a l i d  f o r  long-term, medium-term, and 
short-term mental  t a s k s .  Thus, p i l o t s  f l y i n g  a h ighly  automated f l i g h t  
c o n t r o l  system might be a b l e  t o  more e a s i l y  handle  high mental  workloads. 

The magnitude of manual t a s k  loads  w a s  d e c i s i v e  i n  determining t h e  

6 .  
p i l o t s  d id  no t  perform mental  t a s k s  as w e l l  as t h e  high exper ieuce  p i l o t s  
d id .  However, o b j e c t i v e  a i r c r a f t  performance and s u b j e c t i v e  r a t i n g s  were 
s imilar  f o r  t h e  two groups. Thus, t hese  experiments suggest  t h a t  monitor ing 
and measuring mental  performance might be a more s e n s i t i v e  i n d i c a t o r  o f  
mental  workload and r e s e r v e  mental capac i ty  than  o b j e c t i v e  a i r c r a f t  
performance d a t a  o r  s u b j e c t i v e  r a t i n g s .  

Under cond i t ions  of h igh  manual and mental  workload, t h e  low exper ience  

X. KECOMMENDATIONS FOR FOLLOW-UP STUDIES 

1. In f u t u r e  s t u d i e s  of t h i s  type o r  i n  a re-examination of t h i s  s tudy ,  i t  
might be en l igh ten ing  t o  " f i l t e r "  t h e  data by only cons ider ing  a l t i t u d e  
dev ia t ions  g r e a t e r  than  + 50 o r  + 100 f e e t ,  o r  a i r speed  e r r o r s  g r e a t e r  than 
- + 5 o r  + 10 kno t s .  
boundaries.  

This-might compensate f o r  i nd iv idua l  p i l o t s '  t o l e r a n c e  

2. Sub jec t ive  Rat ings  should be used i n  f u t u r e  s t u d i e s  of mental workload. 
They provide a u s e f u l ,  i f  imprecise ,  measure of t h e  p i l o t ' s  mental state.  

3.  The only s i g n i f i c a n t  d i f f e r e n c e  found between the  low experience and 
h igh  exper ience  p i l o t s  w a s  i n  t h e i r  performance of mental  planning t a s k s .  
This  should be f u r t h e r  i n v e s t i g a t e d  i n  f u t u r e  s t u d i e s .  
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